In this paper, the Monte Carlo method and numerical model are used to build the electrical model of a SiC-based betavoltaic microbattery using a 3 H source, and the influences of structural parameters and the surface recombination effect on the output characteristics of the SiC PN battery are simulated. According to Monte Carlo calculations based on the energy spectrum of the 3 H source, the ionization energy deposition approaches the exponential distribution along the depth direction, and most of the 22rs are concentrated near the material surface. The ionization energy deposition data is converted into non-equilibrium carrier information for the numerical simulation of the battery's output characteristics. The simulation results show that the conversion efficiency of the battery rises first, and then decreases with the increase of the doping concentration of the N region. This is because the N region-doping affects the depletion region width and the built-in electrical potential at the same time. After considering the surface recombination effect, the conversion efficiency decreased significantly. Thinning the thickness of or moderately reducing the doping concentration of the P region will weaken the surface recombination effect.
Introduction
The betavoltaic microbattery is a semiconductor device that utilizes the radiation-voltaic effect of charged particles emitted by radioisotopes to output electric energy. Due to its long life, small size and easy integration, the microbattery has potential applications in many areas, and is considered one of the ideal long-term energy sources for MEMS systems.
Taking into account various factors such as the self-absorption effect of radioisotope sources, the irradiation damage of energy converters and the collection efficiency of ionization energy, lowactivity and low-energy β radioisotope sources are mostly taken as energy sources by betavoltaic microbatteries [1] [2] [3] [4] , such as 3 H, 63 Ni, 33 P, 147 Pm and so on. Among them, 3 H has a long half-life (12.3 years) and a high specific activity. It is also easily available and inexpensive, and is considered one of the ideal energy sources for betavoltaic microbatteries. The electron energy emitted by 3 H is relatively low, the range in the semiconductor material is shallow and the ionization energy can be easily collected. At the same time, the performance is more easily affected by the surface structure and the surface recombination effect of the energy converter.
Since there is currently no commercial software that can directly simulate the radiation-voltaic effect, it has been a hot topic in this field to build an electrical model of the betavoltaic microbattery to guide the optimal design of the energy converter [5] [6] [7] [8] . Theoretically, the ionization energy distribution calculated based on the energy spectrum of the radioisotope source is applied to the numerical simulation of the battery's output characteristics, and the output characteristics under different factors (especially considering the complex structure, surface recombination, etc.) are accurately simulated to guide the optimal design of the energy converter, which is an ideal modeling method. Recently, some related research has been reported [9] [10] [11] . However, there are still many problems to be solved, especially the simulation of the 3 H betavoltaic microbattery, considering the surface recombination and two-dimensional device structure have not yet been reported.
In order to solve the above problems, the model and optimal design of the 3 H SiC-based betavoltaic microbattery are proposed in this paper. The ionization energy deposition of the 3 H source is calculated by the Monte Carlo method and applied to the numerical simulation of the output characteristics of the battery, and an optimization scheme is proposed.
Monte Carlo Method and Simulation

Ionization Energy Calculation of Incident Electron
A small part of the electrons emitted by the isotope source are bounced off the surface of the material. The remainder of these enter the material and undergo elastic and inelastic collisions during the advance, and their motion tracks are then changed and energy is lost, until finally they are eventually absorbed or escape from the material. Since the highest energy of the electrons emitted by the 3 H source is only 18.6 keV, energy loss modes such as displacement effects can be ignored, and the ionization effect is the main mode of energy loss. In this paper, the following method is used to calculate the ionization energy deposition [11] [12] [13] [14] , which is often used in this field.
In the calculation, two consecutive elastic collisions of the incident electron are defined as one step, so that the whole motion trajectory of the electron is divided into several motion steps. Each step is composed of several inelastic collision events, and the energy loss in each step is regarded as continuous. The motion distance of each step is determined by the step length taken during the calculation and motion direction of the electron. The motion direction of the electron after each elastic collision is determined by the motion direction, as well as a series of random numbers before the collision.
The energy loss of electron is calculated by the following formula [12] :
where ρ is the material density, Z is the mean atomic number, A is the mean atomic weight and J is the mean ionization energy.
After multiple scatterings, the energy of the incident electron is below a given threshold (for example, 50 eV) or escapes from the material, and then the calculation ends.
According to the energy spectrum of the radioisotope source, the above calculation will be repeated a sufficient number of times, in order to obtain the ionization energy deposition in the material.
Simulation Results and Analysis
By the above method, the ionization energy deposition of the 3 H source and the 5.7 keV electron in the SiC material (corresponding to the average electron energy of 3 H source) was calculated using Matlab software. It is assumed that the electrons are incident on the material surface vertically in the calculation. The beta energy spectrum of the 3 H point source obtained from the icrp 38 report is shown in Figure 1 . The ionization energy distribution of a 5.7 keV electron and 3 H source along the material depth direction is shown in Figure 2 . According to Figure 2 , the ionization energy of a 5.7 keV electron approaches Gaussian distribution, and the energy is mainly deposited around the peak position. The ionization energy of a 3 H source is close to the exponential distribution, and the distribution depth is deeper than that of a 5.7 keV electron. Although the electrons of the 3 H source have a range of more than 1.5 μm, the ionization energy is mainly concentrated near the material surface. The energy deposited in 100nm and 313nm accounts for 52.6% and 90% of the total energy, respectively. This is due to the fact that the low-energy electrons in the energy spectrum of a 3 H source account for a large proportion (electrons with energy below 5.7 keV are more than 50%).
The above ionization energy distribution characteristics bring some unique problems to the optimization design of betavoltaic microbatteries using a 3 H source: (1) If there is an insulating layer or metal layer on the surface of the energy converter, the energy loss of the incident electrons will be relatively high; and (2) the battery output characteristics will be significantly affected by the surface recombination effect.
Numerical Model and Simulation
The Electrical Model of the Betavoltaic Microbattery
The working mechanism of the betavoltaic microbattery is similar to that of the photovoltaic cell. Electron-hole pairs generated by incident particles in the active region of an energy converter are collected to generate output power. According to the drift-diffusion theory, electron-hole pairs generated in the depletion region can be regarded as totally collected. The collection efficiency of electron-hole pairs in the neutral region decreases as the distance from the boundary of the depletion region increases [15] . According to Figure 2 , only about a 0.3 μm-wide depletion region is needed to collect most of the deposited ionization energy. This depletion region width is easily realized in the battery design and process.
Due to its wide bandgap, the wide bandgap semiconductor material represented by SiC can be used to develop the betavoltaic microbattery with a much higher open-circuit voltage than a Si-based battery, which can theoretically get higher conversion efficiency. However, the diffusion length of the SiC is much shorter than that of Si. For isotopes such as 147 Pm, it is difficult to sufficiently collect electron-hole pairs in the depth of material. Due to the shallow range, however, as well as the electrons emitted by a 3 H source, the short diffusion length of the SiC material is no longer the main factor affecting the conversion efficiency. The advantages of the SiC material with a wide bandgap will be maximized.
For SiC PN junctions, some material and device characteristics can be described by the following models [11] :
The built-in electrical potential (Vbi)
where + A N , + D N are ionized acceptor and donor impurities, respectively [15, 16] , and T is the temperature.
The depletion width (W) can be expressed as:
At room temperature, minority diffusion length of the electron (Ln) and hole (Lp) in SiC
where μn and μp are the carrier mobility of the electron and hole, τn and τp are the minority lifetime of the electron and hole, and is the total doping concentration in SiC.
The calculated results of the P + N junction (doping concentration of P + region is 1 × 10 19 cm −3 ) with different N region doping concentrations is shown in Figure 3 : W increases with the decrease of the doping concentration of the N region. The wide depletion region can be obtained in the low doping concentration, but it also brings down the Vbi, thereby reducing the open-circuit voltage of the battery. It therefore needs to be taken into account with a compromise in the optimization design of the energy converter.
Even in high doping, the minority diffusion length of SiC is still significantly higher than the electron range of the 3 H source. For example, when the doping concentration reaches 1 × 10 18 cm −3 , the Ln and Lp are 25.5 μm and 6.2 μm, respectively. It can be expected that even if some of the electronhole pairs generate in the neutral region, most of them will also be collected.
Due to the shallow range of the electrons, it is difficult to avoid the carriers loss by the surface recombination. Due to the high hardness and chemical stability of SiC material, the device process is far less mature than that of Si, and there are relatively few research reports. In particular, the surface treatment process and its influence on surface recombination have only few reports, but also have very different test results [17] [18] [19] . The influence of the surface recombination effect on the output characteristics of the betavoltaic microbattery is currently limited to some theoretical analysis, which brings difficulties to battery modeling and optimization design.
In theory, in addition to improving the surface treatment process to reduce the surface state, the optimization of the device structure based on the mechanism of surface recombination may also have a role in reducing the negative effect. Therefore, this paper attempts to compare the surface recombination effect on battery performance under different structural parameters, in order to obtain structural optimization results. At present, there is no surface recombination model specific to SiC materials. As a commonly used classic surface recombination model, the following model is adopted for simulation
where ni is intrinsic carrier concentration, n and p are the electron and hole concentration respectively, and sn and sp are the electron and hole surface recombination velocities respectively. From the formula, it can be seen that the attempt to reduce the doping concentration can reduce the surface recombination rate.
According to the studies based on Si materials, different doping elements and doping concentrations may affect the surface recombination rate [20, 21] , but SiC has not been reported. After referring to the reported experimental data, the sn = sp = 1 × 10 6 cm/s was taken during simulation in this paper to correspond to the poor condition of the device surface.
Simulation Results of the Battery Output Characteristics
The ionization energy deposition obtained by the Monte Carlo calculation is converted into the generation rate of electron-hole pairs and mapped to the device grid generated by numerical simulation software, and the radiation-voltaic effect of the device can then be simulated. ISE TCAD is used to simulate the output characteristics of SiC PN betavoltaic microbatteries using a 3 H source under the two-dimensional structure of an energy converter, as shown in Figure 4 . The intensity of the 3 H source is 10 mCi/cm 2 (3.37 × 10 −7 W·cm −2 ), and the electron-hole pair generation energy of the SiC is 10.2 eV (this value is different in different works of literature, and this paper takes a higher value). It is assumed that the electrons emitted from the 3 H source incident into the material surface vertically. When the thickness of the P region is WP=0.1μm and the doping concentration of the P region is NP = 1 × 10 19 cm −3 , the output characteristics and conversion efficiency of the battery with different doping concentrations of the N region (NN) are shown in Figure 5 . In Figure 5a , the output characteristics of the battery are not considered the surface recombination effect. As NN rises, the short-circuit current decreases and the open-circuit voltage rises. The decrease of the short-circuit current is mainly caused by the decrease of the depletion region width with the increase of the NN, and the increase of the open-circuit voltage is caused by the increase of the built-in electrical potential.
Simulations show that even if the NN changes in a large range, the short-circuit current does not change much. This is because the 3 H source has a relatively short electron range and the energy is concentrated near the surface. Even if the depletion region width is significantly lower than the electron range, the proportion of electron-hole pairs that fall outside of the depletion region is not high. At the same time, the minority diffusion length is also significantly higher than the distribution depth of electron-hole pairs in the neutral region, so the doping concentration has little influence on the collection efficiency of electron-hole pairs. Changes in short-circuit current and open-circuit voltage affect the conversion efficiency from different trends; the output power reaches a maximum at NN =4×10 17 cm -3 , corresponding to the conversion efficiency of 46.9%.
After considering the surface recombination effect, the conversion efficiency dropped significantly. When s n= sp = 1 × 10 6 cm/s and NN = 4 × 10 17 cm −3 , the corresponding conversion efficiency is 38.7%, which is significantly lower than that when the surface recombination effect was not considered.
When NN = 4 × 10 17 cm −3 , the conversion efficiency under different WP is shown in Figure 6 . Regardless of the surface recombination, the conversion efficiency of the battery has little effect when the WP is changed within the range of 50 nm-200 nm. This is mainly because WP is far below the Ln of SiC material. Although the electron-hole pairs in the neutral region increase alongside the P region thickness, the number of electron-hole pairs that are recombined is small. After considering the surface combination effect, the conversion efficiency drops significantly with the increase of WP. This is because as WP rises, the number of electron-hole pairs participating in the surface recombination increases, and the output characteristics of the battery are affected more by the surface recombination effect. According to the previous analysis, from the perspective of optimizing the device structure, reducing the doping concentration of the surface region of the energy converter has a certain impact on weakening the surface recombination effect. Figure 7 When the surface recombination is not considered, the conversion efficiency of the battery changes slightly with NP. This is because the change of NP mainly affects the built-in electrical potential and the combination of electron-hole pairs in the neutral region. For the study of this paper, however, the impact of these two factors on the conversion efficiency is relatively slight.
After considering the surface recombination effect, the conversion efficiency of the battery increased significantly as the NP declined. This is due to the gradual depletion near the surface of the energy converter at this time, and the decrease in carrier concentration, which leads to a decrease in the surface recombination rate. When NP = 3 × 10 16 cm −3 , the conversion efficiency reaches a maximum of 42.7%. When NP continues to decline, conversion efficiency begins to decrease. This is because the device surface is completely depleted at this time, and the low doping concentration causes the amount of charge in the depletion region of the P region to be too small, which significantly reduces the built-in electrical potential of the junction.
Conclusion
Therefore, the surface recombination beyond the recombination in the neutral region becomes an important factor affecting the output characteristics of betavoltaic microbatteries using a 3 H source. According to the simulation, if the surface of the energy converter is in poor condition, the conversion efficiency of the battery will be significantly reduced. For a SiC PN battery, reducing the thickness of the P region or moderately reducing the doping concentration of the P region can effectively weaken the surface recombination effect. In theory, it is the ideal solution to optimize the surface treatment process to reduce the surface recombination rate. However, for SiC material that is not mature enough and treatment that is difficult to process, the research conclusion of this paper has a certain significance for optimizing battery performance and increasing design flexibility. Although the research content of this paper is aimed at SiC-based energy converters and the 3 H source, the research methods can also be applied to other types of microbattery, detectors or sensors based on the radiation-voltaic effect.
In addition, there are also some regrets and aspects to be improved in this paper. The main problem is that a simplified radiation source model is used for simulation, due to the current technical level and the research stage of this paper. Compared with the actual irradiation source, it does not consider the isotropy of the incident particles and the self-absorption effect of the source. The simulation did not take into account the more complex and actual device structure, including the passivation layer on the device surface. Therefore, the conversion efficiency obtained by simulation in this paper is higher than that of the actual situation. It is hoped that with the development of technology, these issues will be paid attention, and focused on in future research. 
